Highlights of the third quarter activities of FY-05 are summarized below:
• A more detailed analysis for cycle efficiency and component sizing was investigated for a 3-shaft Brayton cycle. The same analyses are being performed on the combined and reheated cycle configurations.
• These power conversion units were coupled to a hydrogen production plant by an intermediate heat transport loop (IHTL) and heat transport loop heat exchanger (HTLHX). A detailed model of the IHTL was included in this study.
• A relative comparison of the heat exchanger and component sizes for a helium, CO 2 and 80%N 2 -20%He (by weight) working fluid was calculated.
• Parametric studies on the 3-shaft Brayton cycle were completed. The effects of working fluid, reactor outlet temperature, system pressure, mass flow and turbine cooling were studied. Parametric studies on the combined cycle and reheated cycle configurations are being performed.
• Long term corrosion testing (500 hour exposure) of coarse-grained MA 754 in supercritical CO 2 at 1000 o C was completed.
• Preliminary analysis of corrosion behavior of the long term corrosion test completed which has suggested further analysis of corrosion product and the effect of corrosion on base metal composition.
Status:
Task 1. Development of CO2 Brayton Cycle Tasks 1-1, 1-2, 1-3, 1-4, and 1-5 were completed in the second and the third quarter of FY-03.
Task 2. Improvement of HTGR Net Efficiency The objective of this task is to improve the overall plant cycle efficiency by increasing the efficiency of secondary side of the HTGR. To accomplish this task, we performed a number of HYSYS simulation to investigate a number of different cycle configurations: 3shaft Brayton, combined, and reheated cycle. In this report, results from the 3-shaft Brayton cycle are included.
Three-Shaft
The three-shaft configuration, illustrated in Figure 1 , consists of; (1) a primary loop (2) an intermediate heat transport loop in parallel with (3) the PCU with three turbines (high pressure turbine, low pressure turbine and power turbine), 4 compressors (low pressure compressor, medium pressure compressor 1, medium pressure compressor 2, and high pressure compressor) 1 precooler, 3 intercoolers and a recuperator. HYSYS ( Figure 2 ) calculated a baseline efficiency of 49.92%, 46.67% and 49.55% for helium, CO 2 and 80%N 2 -20%He (by weight), respectively. The baseline conditions are outlined in Table  1 . 
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Once the cycle efficiencies had been calculated, the relative sizes of the components were estimated. The actual size of the turbomachinery was not calculated but rather the work done by the machinery. HYSYS was used to calculate the energy output of the turbines, compressors and circulators. This gives some indication of the relative size of the components.
To determine the relative sizes of the heat exchanger the UA values (overall heat transfer coefficient time the heat transfer area) of the heat exchangers calculated by HYSYS were used. The U values were calculated, the heat transfer areas were determined and the volumes of the heat exchanger were calculated. Table 2 summarizes the results of the component sizing calculations.
The IHX, HTLHX, and recuperator were assumed to be printed circuit heat exchangers (PCHE) as designed by Heatric (www.heatric.com) . PCHE are composed of channels chemically etched into plates. The plates are then stacked and diffusion bonded together and headers are attached to form the heat exchanger. For this study Alloy 800 with a thermal conductivity of 22 W/m-K (at 650 °C) was used as the construction material for the heat exchangers (www.specialmetals.com). The heat exchangers are assumed to be in counter flow to reduce the required surface area. The flow channels are assumed to be semicircular with a diameter of 3 mm, which is a representative value. From the stress analysis by Davis et. al. the pitch to diameter ratio was taken as 1.2 and the plate thickness to diameter ratio was taken as .57 for the IHX. For the HTLHX and the recuperator the pitch to diameter ratio assumed as 1.2 and the plate thickness to diameter ratio was assumed as 1.19 due to the higher pressure gradient in these heat exchangers. The overall heat transfer coefficient was calculated as
where h hot is the heat transfer coefficient for the hot channels, h cold is the heat transfer coefficient for the cold channels, t avg is the average thickness of the plates and k metal is the thermal conductivity of the metal. The heat transfer coefficients were calculated using the Dittus-Boelter correlation with a leading coefficient of 0.021 for turbulent flow (INEEL 2003) . For laminar flow, the heat transfer coefficients were calculated from the exact solution for fully developed flow with constant heat rate (Kayes and Crawford 1980) . The dimensions of the heat exchangers were then adjusted to give the expected pressure drop values. For the baseline cases, the CO 2 component sizes are smaller than those for He or the N 2 /He mixture, giving CO 2 an advantage in cycle volume. The same advantage was found in the total cycle work for the CO 2 compared to the He and N 2 /He mixture.
Parametric Studies
Parametric studies away from the baseline values of the systems were performed to determine the effect of varying conditions in the cycle. This gives some insight into the sensitivity of these cycles to various operating conditions. The parametric studies were carried out by isolating and varying a single working condition. Once the working condition was changed the cycle was optimized.
Working Fluids
Helium, CO 2 , and an 80% nitrogen 20% helium (by weight) mixture were studied to determine the best working fluid in terms cycle efficiency and development cost. Helium is a well understood fluid and has been used in numerous studies pertaining to nuclear power. CO 2 has been slow in developing due to material concerns with the fluid. CO 2 does possess some advantages over helium such as a higher density allowing for smaller velocities than helium for the same pressure drop (Perry, R., et. al.) . Despite the lower specific heat, the volumetric flow rates are smaller for CO 2 than for a helium cycle generating equivalent power. Therefore, the turbomachinery sizes are smaller for CO 2 . Copsey et. al. (2004) used this nitrogen-helium mixture for the working fluid in a combined cycle.
Helium was used as the working fluid in the primary side of the HTGR. It was chosen for its extensive use in studies of reactor thermal hydraulic and its low reactivity. Helium was used as the working fluid in the intermediate heat transport loop as specified by Davis et. al. (2005) .
Reactor Outlet Temperature
The reactor outlet temperature for the HTGR is limited by material concerns. Current designs such as the Arbeitsgemeinschaft Versuchsreactok (AVR) have been operating at reactor outlet temperatures of 950°C. The Chinese HTR-10 was design to operate up to 950°C to investigate diverse power generation systems (e.g. gas turbine) and nuclear process heat applications. With current materials reactor outlet temperatures up to 1000°C can be realized but with a limited lifetime of 15 to 20 years (Generation IV Roadmap, 2001) . Reactor outlet temperature was studied to determine the efficiency increase gained by using these higher temperatures. The reactor outlet temperature was varied from 900°C to 1000°C.
Mass Flow
The effects of the secondary side mass flow were also studied. The sensitivity of the cycle to mass flow was studied to determine the effects of loss of coolant on the system. The mass flow rate was varied at 100, 95, and 90%.
Pressure
The pressure in the secondary side was studied to establish the effects of a loss of pressure to the system. The pressure was varied at 5, 6, and 7 MPa.
Turbine Cooling
In high temperature systems turbine cooling may be needed prolong the life of the turbines. This is done by splitting the outlet flow of the high temperature compressor.
Most of the flow continues through the cycle while a fraction goes towards cooling the turbines. The split flow then cools the turbines and returns to the main flow inside the turbine (Saravanamuttoo, 1996) .
A simplified model of turbine cooling was used to model the process. A single-stage turbine with cooling of the disc, stator blades and rotor blades was assumed. The mass flow to the stator blade and disc cooling add to the work in the turbine while the rotor cooling does not (Saravanamuttoo, 1996) . It was assumed that since the cooling mass flow was small, the reduction in temperature of the working fluid due to cooling is neglected. Therefore, since the mass flow of the stator blade and disc cooling add to the work and their temperature difference is neglected they can be ignored in the calculation of the turbine work. The rotor cooling can be modeled as a loss of flow through the turbine. The model splits the outlet flow from the high pressure compressor with a small fraction going towards the turbine cooling and the rest continues through the cycle. It was assumed that 4% of the flow was need for the high temperature turbine and 2% was need for each additional turbine. This gives 8% for cooling in the three-shaft cycle. Table 3 summarizes the results from the parametric studies on the 3-shaft Brayton cycle. Using higher reactor outlet temperatures increases the cycle efficiency for all working fluids, however, the component sizes will decrease as shown in Table 4 . A decrease in mass flow will cause a decline in cycle efficiency. A decrease in pressure will also cause a decline in cycle efficiency. The effect of turbine cooling on the cycle is decreased efficiency. This effects of the parametric studies are most prominent in the CO 2 cycle. 
3-Shaft Configuration Parametric Studies
Plans for Next
• We plan to continue work on parametric studies for the combined cycle including the hydrogen plant. Baseline cases will be established with helium working fluid and CO 2 and a N 2 /He mixture will be compared. The effects of reactor outlet temperature, system pressure, mass flow and turbine cooling will also be studied.
•
We plan to continue work on parametric studies for the reheat configuration including the hydrogen plant. Baseline cases will be established with helium working fluid and CO 2 and a N 2 /He mixture will be compared. The effects of reactor outlet temperature, system pressure, mass flow, turbine cooling and number of reheat stages will also be studied.
• There are no concerns or issues.
Task 3. Materials Testing
The long term corrosion test of coarse-grained MA 754 was completed during the 3 rd quarter and analysis of the sample has begun. The experiment and results are summarized below.
A coarse-grained MA 754 sample, in the form of a tube, was exposed to 99.5% pure CO 2 gas at 1000 o C and 10 MPa for 500 hours. Samples were cut from the tube at 1 inch intervals along the tube length. The cross-sections were cut to expose the inner corroded surface. The samples were then mounted, polished, and analyzed utilizing a SEM. Higher corrosion rates were observed at the 2 to 3 inch location compared to the 0 to 1 inch cross-section sample (3" is the mid point of the tube). This was expected since the first 2 inches are housed in a water-cooled tube connector and the temperatures was much less than 1000 o C compared to the section between 2 to 3 inches where a temperature of 1000 o C existed, i.e. a steep temperature gradient existed from the water-cooled connector to the mid point of the tube. The temperature gradient was not measured in this experiment but may be in the future.
The samples were observed in the SEM following metallographic preparation. Photomicrographs representative of each location are shown in Figure 3 . Corrosion is more evident as one approaches the midpoint of the tube where the temperature was the greatest (1000 o C). Close to the water-cooled ends, Figure 3a , the corrosion products appear to adhere to the base metal quite well while the corrosion products near the mid-point of the tube, Figure 3c , exhibit considerable porosity. The base metal may also even show the development of porosity under the corrosion layer. Further analysis of the porosity in the corrosion layer and the base metal is being performed to ensure it does not arise from sample preparation procedures.
Seven measurements of corrosion thickness on each sample were made to calculate average corrosion thickness after 500 hours of exposure. The average corrosion rate, expressed in microns per year, after 500 hours of exposure was then calculated. The corrosion rate for each section of the tube is shown in the last column of Table 5 . The corrosion rate near the water cooled ends is quite low, as expected, and increased quite rapidly toward the midpoint of the tube. However, the corrosion rate at the mid point of the tube is still very low at ~200 microns/year (~0.2 mm/year).
The corrosion datum obtained after 500 hours of exposure is consistent with the data obtained in previous, shorter duration experiments. The corrosion rate datum determined after 500 hours of exposure has been added to the graph in Figure 4 , in which the corrosion rate determined at different exposure times has been plotted. The new datum from the 500 hour test is shown in red. From this graph it is evident that the corrosion rate continues to decrease with time. It appears this trend will continue for even longer exposures, barring failure of the integrity of the corrosion layer, i.e. break away corrosion phenomenon.
Elemental analysis of the corrosion products was conducted on the 2-3 inch length sample. Five different spots, Figure 5 , were selected and analyzed by EDS analysis to qualitatively determine the elemental species present in the corrosion product. From the analysis it was evident that chromium was being preferentially oxidized during the exposure to supercritical CO 2 . The outer most analysis area, spot #2 in Fig. 5 , is almost exclusively chromium oxide, Figure 6 . The limiting process, therefore, appears to be the diffusion of chromium through the corrosion layer. This would also explain the presence of porosity in the base metal, i.e. the chromium is being depleted in the near surface of the base metal, leaving behind porosity and the decreasing corrosion rate with increasing exposure time, i.e. it take longer for chromium atoms to diffuse through the growing corrosion layer. Further quantitative analysis of this sample will be performed next quarter to reveal the chromium depletion in the near surface region of this sample. 
Plans for Next
Analyze the effect of corrosion on chromium concentration in the base metal to identify corrosion mechanism. Prepare manuscript on the corrosion behavior of coarse 
Cumulative Planned vs. Cumulative Actual Grant Costs
Actual Planned
